Lactococcus spp. are of considerable economic importance, because they are widely used in the production of cheese and other fermented milk products. In milk, these organisms critically depend on a proteolytic system for the breakdown of milk casein, because the concentration of free amino acids is too low to sustain fast growth (27) . The key enzyme in the proteolytic system of lactococci is the cell envelope-associated serine proteinase. In all lactococcal strains examined so far, the gene encoding this proteinase has been located on a plasmid (8) . The nucleotide sequences of the proteinase genes from Lactococcus lactis subsp. cremoris Wg2 (10) and SK11 (35) and Lactococcus lactis subsp. lactis NCDO763 have been determined (7) . Although the proteinases produced by these strains differ considerably in both caseinolytic activities and immunological properties, the amino acid sequences deduced from the proteinase gene nucleotide sequences show surprisingly few differences (for a recent review, see reference 8) .
The proteinase gene prtP encodes a serine proteinase of 1,902 amino acids in strains Wg2 and NCDO763 and one of 1,962 amino acids in strain SK11. All three enzymes are synthesized as pre-pro-proteins (7, 12, 35) . The amino acid sequences of the lactococcal proteinases show considerable sequence similarity with the active-site regions of subtilisins, the serine proteinases produced by bacilli (10) . The most striking difference between the proteinases from lactococci and bacilli concerns a long C-terminal extension present in the lactococcal proteinase. Deletion of up to 343 amino acids from the C-terminal part of the Wg2 proteinase did not affect the activity or the specificity of the truncated proteinase (9) . Because of the presence of a C-terminal membrane anchor, C-terminal deletions removing this anchor result in the complete secretion of the proteinase (5, 7, 36) .
On the proteinase plasmids of all three strains, an oppositely transcribed gene, prtM, is present directly upstream of the prtP gene. Both prtP and prtM are transcribed from regulatory sequences on a 0.32-kb DNA fragment located between the two genes. The prtM gene encodes a protein of 299 amino acids with an N-terminal sequence typical of a procaryotic prolipoprotein. The gene was overexpressed in Escherichia coli by use of the T7 RNA polymerase promoter * Corresponding author. and appeared to specify a protein of 31 to 32 kDa (5, 36) . Deletion studies showed that the presence of both prtP and prtM is essential for proteolytic activity. In the absence of prtM, an inactive form of the proteinase was produced and subsequently translocated across the cytoplasmic membrane. The size of the secreted form of the lactococcal proteinase produced in the absence of prtM coincided with that of the inactive secreted form of the proteinase carrying an Asp-32-*Asn-32 active-site mutation. Both inactive proteinases were larger than the active enzyme produced in the presence of PrtM. These findings led to the hypothesis that prtM effects the autoproteolytic removal of the N-terminal pro-sequence of the proteinase precursor, resulting in a fully active proteinase (5, 6, 36) .
Here we report on the purification of a 32-kDa protein isolated from E. coli upon overexpression of the prtM gene and the isolation of PrtM-specific antisera. With these antisera, PrtM was identified as a lipoprotein associated with the lactococcal cell membrane.
MATERIALS AND METHODS
Plasmids, bacterial strains, and media. The bacterial strains and plasmids used in this study are listed in Table 1 . A schematic representation of the different plasmids used in this study and their construction is shown in Fig. 1 . L. lactis strains were grown in M17 broth (26) supplemented with 0.5% (wt/vol) glucose or in whey-based medium containing 5% (wt/vol) whey permeate, 2% (wt/vol) ,-glycerophosphate, 0.5% (wt/vol) glucose, and 0.1% (wt/vol) Casitone (36) . Erythromycin and chloramphenicol were used at a concentration of 5 ,ug/ml. E. coli strains were grown in TY broth (22) . Ampicillin and chloramphenicol were added to concentrations of 100 and 25 pg/ml, respectively. Molecular cloning and site-directed mutagenesis. Restriction enzymes were purchased from Boehringer GmbH (Mannheim, Germany) and used in accordance with the supplier's recommendations. General molecular cloning techniques were carried out as described by Maniatis et al. (17) . E. coli competent cells were transformed as described before (16 (Fig. 1, step 1) . The resulting plasmid, pSKH7, carried an additional Snol site because of the exchange of a TGT (Cys) codon for a GCA (Ala) codon at position 24 (see Fig. 7 ). E. coli WK6 and E. coli WK6 mutS (38) were used as host strains for pSKH6 and pSKH7. The incomplete prtM gene on pGKV552 lacks three 3' codons and was reconstituted by exchanging the 1,260-bp ClaI-XbaI fragment from pGKV552 and the 975-bp ClaIXbaI fragment from pSKH6, resulting in plasmid pGKV573
( Fig. 1, step 2) . Similarly, the complete prtM gene carrying the Cys-24--+Ala-24 mutation was cloned as a ClaI-XbaI fragment from pSKH7 in pGKV552, resulting in plasmid pGKV571 (Fig. 1, step 3) . The unique Snol site on pGKV571 was filled in with the Klenow fragment of DNA polymerase I (Fig. 1, step 4) . The resulting plasmid, pGKV574, carried a frameshift mutation in the 24th codon of prtM ( Fig. 1 (29) . Antigens were detected with 5,000-folddiluted PrtM-directed antisera and alkaline phosphataseconjugated goat anti-rabbit immunoglobulins (Promega, Madison, Wis.) in accordance with the manufacturer's instructions.
Analytical methods. Protein concentrations were determined by the method of Bradford (1). Bovine serum albumin was used as a standard.
Lactate dehydrogenase activity was determined as described by Thomas et al. (28) . The rate of NADH oxidation was monitored by measuring the decrease in the optical density at 450 nm with a Philips PU8720 UV-visible light scanning spectrophotometer after the addition of 25 or 50 ,ul of sample to ride (pH 6.9) containing 0.4 mM NADH, 10 mM sodium pyruvate, and 4 mM fructose 1,6-diphosphate.
Proteinase activities in overnight cultures grown in milk were determined by measuring the amount of hydrolyzed milk proteins with the o-phthalaldehyde (OPA) spectrophotometric assay (2). To 1.1 ml of 0.68 N trichloroacetic acid in a microcentrifuge tube was added 0.5 ml of an overnight culture. The mixture was left at room temperature for 10 min and centrifuiged for 5 min. Fifteen microliters of the supernatant was mixed with 250 ju.l of OPA reagent in a well of a microtiter plate (Bioreba, Basel, Switzerland), and after 2 min the A340 was determined with a Titertek Multiskan MCC/340 P apparatus (Flow Laboratories, Rickmansworth, United Kingdom). OPA reagent consisted of 1 ml of OPA (40 mg/ml in methanol; Sigma Chemical Co., St. Louis, Mo.) added to 50 ml of 50 mM sodium tetraborate containing 1% (wt/vol) SDS and 0.2% (vol/vol) 2-mercaptoethanol.
PrtM purification. E. coli BL21(DE3)(pSKH4) was grown in 20 ml of TY broth to an optical density at 600 nm of 0.4.
Isopropyl-3-D-thiogalactopyranoside was added to the culture to a final concentration of 0.4 mM, and after incubation for 1 h at 37°C rifampin was added to a final concentration of 200 ,ug/ml. Following an additional 1 h of incubation at 37°C, cells were harvested by centrifugation (10 Isolation of antibodies. Two specific-pathogen-free New Zealand rabbits were injected subcutaneously with 1 ml of isolated PrtM in complete Freund adjuvant (approximately 100 ,ug/ml). After 2 and 3 weeks, intraperitonal booster injections were given. After 4 and S weeks, intramuscular injections of PrtM in incomplete Freund adjuvant were given. One week after the final injection, sera were collected and stored at -70°C.
Localization of PrtM. Whey-based medium-grown L. lactis cells were centrifuged in a microcentrifuge tube, resuspended in 1/10 of the original volume of loading buffer, and heated for 5 to 10 min at 100°C. Culture supernatants were collected, dialyzed against several changes of distilled water at 10°C, and lyophilized. The dry residue from 2 ml of culture supernatant was dissolved in 75 ,ul of loading buffer and heated for 5 min at 100°C. Samples of L. lactis cells corresponding to 100 ,ul of culture and culture supernatant corresponding to 175 ,ul of culture were subjected to 12.5% SDS-PAGE and Western blot analysis.
L. lactis membrane vesicles were isolated by the method of Otto et al. (21) . For the analysis of total cell proteins, lactococcal cells were disrupted with glass beads by use of the Shake it, Baby cell disrupter (Biospec Products, Bartlesville, Okla.) essentially as described by van de Guchte (30).
Immunogold labeling. Cells of L. lactis subsp. lactis MG1363 carrying plasmid pGKV552 or pGKV2 were fixed in 3% glutaraldehyde (vol/vol) in 0.1 M cacodylate buffer (pH 7.2) and embedded in Lowicryl K4M. Immunogold labeling of PrtM was performed on ultrathin sections with PrtMspecific antisera and protein A-gold particles (32) .
Radiolabeling of L. lactis with [3H]palmitic acid. L. lactis MG1363 carrying pGKV571, pGKV1552, pGKV573, or pGKV574 was grown in whey-based medium to an optical density at 600 nm of 0.3. To 1 ml of culture was added 50 ,uCi of [9,10-n-3H]palmitic acid (40 to 60 Ci/mmol; Amersham). Cells were grown for an additional 2 h at 30°C, corresponding to approximately two generations. Trichloroacetic acid was added to the culture to a final concentration of 10% (wt/vol), after which the cells were left on ice for 30 min. Cells were harvested by centrifugation, and cell pellets were rinsed with 100 ,ul of ice-cold acetone and then with 500 RI of lysis buffer (10 mM Tris-hydrochloride [pH 8.0], 25 mM MgCl2, 200 mM NaCl) and resuspended in 100 pul of lysis buffer containing 5 mg of lysozyme (E. Merck AG, Darmstadt, Germany) and 15 U of mutanolysin (Sigma) per ml.
After incubation at 37°C for 15 min and at 90°C for 2 min, 10 ,ul of 10% (wt/vol) SDS was added and the suspension was incubated for an additional 10 min at 90°C to complete lysis. Immunoprecipitation with PrtM-specific antibodies and protein A-Sepharose (Pharmacia, Uppsala, Sweden) was performned by the method of Edens et al. (3) . Samples were subjected to 12.5% SDS-PAGE. Gels were incubated for 30 min in an isopropanol-water-acetic acid (25:65:10) mixture and then for 20 min in Amplify (Amersham), dried, and exposed at -80°C to preflashed Kodak X-Omat AR film for fluorography.
RESULTS
Isolation of PrtM. In a previous paper, we showed that E. coli BL21(DE3), carrying the L. lactis Wg2 prtM gene placed under the transcriptional control of the T7 RNA polymerase promoter on plasmid pSKH4, synthesized considerable amounts of a protein of approximately 32 kDa (Fig. 2) (Fig. 3, lanes 2 and 4) . Minor (Fig. 4, lanes 6 and 7) . The subcellular location of PrtM was examined by immunogold labeling. For this purpose, ultrathin sections of whole lactococcal cells carrying the prtM gene and grown in whey-based medium were labeled with PrtM-specific antisera and protein A-gold particles (Fig. 5) (Fig. 7) . To Fig. 8 (lanes 2 and 3) , a radiolabeled protein of 31.5 kDa was present when the cells carried prtM on plasmid pGKV573 or pGKV1552, indicating that PrtM indeed is a lipoprotein. As expected, labeling of PrtM was independent of the presence of active proteinase (Fig. 8, lane  2) . No labeling with [3H]palmitic acid was observed after the introduction of a frameshift mutation in prtM, as in plasmid pGKV574 (Fig. 8, lane 4) . Also, no labeling with [3H]palmitic acid was observed upon replacement of Cys-24 by an Ala residue, as in plasmid pGKV571 (Fig. 8, lane 1) . These results indicated that PrtM residue Cys-24 is the target residue for lipid modification.
Effect of a Cys-24--Ala-24 mutation in PrtM on proteinase activity. Further elucidation of the PrtM-proteinase interaction might benefit from the availability of secreted forms of both the proteinase and PrtM. For this reason, we investigated whether preventing lipid modification of the PrtM precursor would result in a secreted form of PrtM. Replacement of the Cys-24 target residue for lipid modification by an Ala residue might result in the secretion of PrtM, as it leads to the introduction of a potential signal peptidase cleavage site. As shown in Table 2 , lactococcal cells harboring pGKV552, pGKV573, or pGKV571 produced an active proteinase, enabling the strains to grow to a high cell density in milk. Apparently, the presence of the Cys-24---Ala-24 substitution in prtM did not affect the activity of the proteinase. The frameshift mutation in the 24th codon of the prtM gene present on pGKV574 resulted in the loss of proteolytic activity (Table 2 ).
Cells and culture medium of L. lactis MG1363 carrying the mutated prtM gene on plasmid pGKV571 were subjected to Western blot analysis. The results (Fig. 4) showed that three forms of PrtM of 29, 32, and 34 kDa were associated with the lactococcal cells (Fig. 4, lane 5) . Only very small amounts of the 29-and 32-kDa forms of PrtM were present in the culture supernatant. Upon inactivation of the proteinase by insertion of a Cmr gene in the coding sequence of prtP, as in pGKV571C, the amounts of the secreted forms of PrtM increased significantly (Fig. 4, lanes 2 and 4) . These Cys-24-->Ala-24 mutation only leads to detectable secretion of both 29-and 32-kDa forms of PrtM when the prtP gene is inactivated.
To determine whether the secreted forms of PrtM were capable of processing the inactive proteinase produced in the absence of prtM, we cocultured L. lactis MG1363 (pGKV507), producing inactive secreted proteinase, and L. lactis MG1363(pGKV550), producing an inactive cell-bound proteinase, with L. lactis MG1363(pGKV571C). As shown in Table 2 , no proteolytic activity was detected in these mixed, overnight-grown milk cultures. The cell densities of the mixed cultures were similar to those of Prt-strains carrying plasmid pGKV507, pGKV550, or pGKV571C alone. From these results, we concluded that the amount of PrtM secreted by cells carrying a prtM gene with a Cys-24--Ala-24 mutation is too low to facilitate proteinase activation or that proteinase maturation is restricted to the membrane surface.
DISCUSSION
The presence of two plasmid-encoded proteins, cell envelope-associated proteinase PrtP and maturation protein PrtM, is essential for proteolytic activity in lactococci (5, 36) . In the present paper, we describe the purification of maturation protein PrtM and the isolation of PrtM-specific antisera, a prerequisite for the elucidation of the interaction between PrtM and the proteinase.
Overexpression of the L. lactis Wg2 prtM gene in E. coli gave rise to the production of a 32-kDa protein that was purified by preparative SDS-PAGE. Antisera directed against the purified protein were tested on PrtM-containing and PrtM-deficient strains of lactococci and proved to be highly specific for PrtM. As shown in Fig. 3 (34) , and soybean trypsin inhibitor (27) . lactococci corresponded to the size of the protein isolated from E. coli.
As a first step in clarifying the role of PrtM in the activation of the proteinase, the subcellular location of PrtM was investigated. PrtM was found to be mainly associated with lactococcal cells. In Western blot analysis, only limited amounts of PrtM antigen could be detected in the culture medium, and only so in the absence of prtP-specified proteolytic activity. Immunogold labeling of ultrathin sections of lactococcal cells with PrtM-specific antisera revealed that PrtM was located in the cell envelope. This conclusion was corroborated by the finding that PrtM was coisolated with lactococcal membrane vesicles. Contamination of membrane vesicles with cytoplasmic proteins could be excluded because of the low activity of the cytoplasmic enzyme lactate dehydrogenase in the membrane fractions.
On the basis of the amino acid sequence deduced from the nucleotide sequence, it was proposed that prtM encodes a prolipoprotein (5, 36) . The N terminus of the prtM-encoded protein contains charged residues followed by a stretch of hydrophobic residues. As shown in Fig. 7 , the amino acid sequence preceding the Cys-24 residue perfectly matches the consensus sequence of a prolipoprotein signal sequence cleavage site proposed by Von Heijne (34) . Only after glyceride-fatty acid modification of the Cys residue will prolipoprotein signal peptidase cleave the peptide bond preceding that Cys residue. The resulting processed lipoprotein will thus carry an N-terminally modified Cys residue (37 A 29-kDa form of PrtM was found both associated with the cells and in the culture medium, but only so in the absence of proteolytic activity. This 29-kDa protein probably resulted from alternative and, apparently, inefficient processing of the PrtM precursor by signal peptidase. Cleavage of the lipoprotein precursor by both signal peptidases and prolipoprotein signal peptidase has also been invoked to explain two mature forms of the lipoprotein penicillinase from Bacillus licheniformis and the lipoprotein P-lactamase III from Bacillus cereus. These proteins are present in both secreted and membrane-bound forms (18, 19) .
Lipid modification of the PrtM precursor could be prevented by removal of the target Cys residue for this modification. Interestingly, L. lactis carrying the Cys-24--*Ala-24-mutated prtM gene produced three forms of PrtM, with sizes of 29, 32, and 34 kDa. The size of the 34-kDa protein, which was found to be associated with the cells, matched well with the calculated size of the PrtM precursor, 33.1 kDa. As discussed above, the 29-kDa form of PrtM may have arisen from cleavage by signal peptidase. The presence of the partly secreted 32-kDa form of PrtM may be explained by assuming that, upon introduction of the Cys-24--*Ala-24 mutation, an additional signal peptidase cleavage site was formed. In fact, this amino acid substitution results in an amino acid sequence with a high probability of processing, according to the rules of Von Heijne (33) . The fact that the 29-and 32-kDa forms of mutated PrtM were both associated with the cells and secreted in the culture medium suggests that PrtM dissociated very inefficiently from the lactococcal cell envelope. The 29-and 32-kDa secreted forms of PrtM were only detectable in the absence of prtP-specified proteinase activity. Apparently, PrtM is degraded by the proteinase.
In the coculture experiments, we were unable to detect activation of inactive secreted proteinase by cells producing the secreted forms of PrtM, whereas cells carrying the mutated prtM gene retained their proteolytic activity. These observations indicate that the PrtM precursor which, like mature, wild-type PrtM, may be located at the surface of the cytoplasmic membrane, is still capable of proteinase activation. Upon deletion of the 130 C-terminal amino acids, the normally cell envelope-associated proteinase is secreted into the medium without the loss of proteolytic activity. In a previous paper, we hypothesized that PrtM effects the autoproteolytic removal of the N-terminal pro-sequence of the proteinase precursor, resulting in an active, smaller form of the secreted proteinase (5, 6) . In the present paper, we show that PrtM remains associated with the lactococcal cells, both in strains producing a cell envelope-associated form of the proteinase (L. lactis Wg2 and L. lactis MG1363 carrying plasmid pGKV573) and in a strain producing a secreted form of the proteinase (L. lactis MG1363 carrying plasmid pGKV500). These results indicate that PrtM is involved in proteinase maturation in a transient step, taking place during or directly upon membrane translocation of the proteinase precursor. The exact nature of the PrtM-proteinase interaction remains unclear. The availability of both proteinase-specific monoclonal antibodies (13) and the PrtMspecific antisera described in this paper will be helpful in further studies of the unique role of PrtM in the activation of the lactococcal proteinase.
